1. Introduction
===============

Benzotriazole derivatives have received increasing interests in chemical, biological and industrial applications. With the high reactivity of the nitrogen sites, they are widely adopted as an important starting material for synthesis [@bib1], [@bib2], [@bib3], as the excellent precipitant for metals [@bib4], [@bib5], [@bib6], as highly effective corrosion inhibitors which can protect metals from corrosion [@bib7], and most recently, as inhibitor of viral NTPase/helicases such as Hepatitis C virus [@bib8], inhibitor of protein kinase [@bib9], [@bib10], [@bib11], [@bib12], Respiratory Syncytial Virus inhibitor [@bib13], inactivator of Severe acute respiratory syndrome (SARS) protease [@bib14] and cytochrome P450 [@bib15], SERRS active label of PNA and DNA [@bib16], [@bib17] and radiolabel of tumor [@bib18].

2-(2′-Hydroxy-5′-methylphenyl)benzotriazole (Tinuvin P) features a strong absorption of ultraviolet radiation in the 300--400 nm region with a high degree of photostability over long periods of light exposure, which make Tinuvin P a most widely used commercially available ultraviolet (UV) photostabilizer for a wide variety of polymers against the effects of ultraviolet light. The advantage mentioned above is based on its excited state intramolecular proton transfer (ESIPT) [@bib19].

Knowledge on the molecular geometries and on the active molecular sites in the corresponding molecular complexes is important. Particularly, surface-enhanced Raman scattering (SERS) is known to be sensitive to the local intermolecular charge transfer interaction between the active site of the adsorbate and the effective metal surface [@bib20], [@bib21], [@bib22], a piece of information that is crucial for further exploring the chemical and biological applications.

Recently, the density functional theory (DFT) [@bib23], [@bib24] combined with the SERS measurement has been successfully applied to investigate the geometry of molecule adsorbed on the effective metal surface, and the full assignment of SERS signals to Raman-active vibrational modes can be achieved [@bib25], [@bib26], [@bib27].

We have made use of these well-established spectroscopic and theoretical means to investigate the molecular geometry of Tinuvin P on the surface of gold nanostructure, and to obtain information of intermolecular charge transfer interaction between the active site of Tinuvin P and the gold surface. On the basis of a successful full-assignment of the Raman spectrum, and a comparative study between the ordinary Raman spectrum and the SERS spectrum of Tinuvin P, we conclude that the Tinuvin P molecule binds the Au atom via the O atom of the hydroxyl or the N1 atom of the benzotriazole moiety.

2. Materials and methods
========================

2.1. Materials
--------------

Tinuvin P was synthesized according to the reported procedures [@bib28]. The preparation of Au--AAO (anodic aluminum oxide) template-embedded SERS substrate [@bib29] was given in details in Ref*.* [@bib30]. Briefly, gold was deposited electrochemically into the pores of an AAO template using a silver layer coated on the AAO template as the cathode and a platinum counter electrode as the anode. The silver layer was etched in 8.0 M aqueous HNO~3~ for 3--5 min, and then cleaned with distilled water, this procedure was repeated for three times before drying up so as to completely remove the silver layer. Tinuvin P was dissolved in analytical grade dichloromethane (Beijing Chemical Plant, Beijing, China) at a concentration of 1.0 × 10^−3 ^M. The SERS substrate was immersed into the solution for 1--2 min, and then was shaken to remove excess mount of adsorbed sample.

2.2. Raman apparatus
--------------------

Raman spectra were measured with a liquid-nitrogen cooled CCD detector (SPEC-10-400B/LN, Roper Scientific Research, NJ) attached to a 0.5-m polychromator (grating density 1200 grooves/mm, Spectrapro 550i, Acton Research Corporation, MA). A continuous-wave Ar^+^ laser (2060-10S, Spectra Physics, CA) provided the 488 nm Raman excitation beam with a power of 1.5 mW. Raman scattering light was collected in a backscattering geometry and was focused onto the entrance slit of the polychromator after passing through a Raman notch filter (HSNF-488.0-1.5, Kaiser Optical Systems, MI). The Raman spectra were recorded with an exposure time of 15 s and a spectral resolution of 1.4 cm^−1^. All of the aforementioned sample handling and the Raman measurements were performed at room temperature (298 K).

2.3. Theoretical calculations
-----------------------------

The theoretical calculations were performed by using the Gaussian 03W package [@bib31]. The Tinuvin P molecular geometry was optimized by the use of DFT method [@bib23], [@bib24] using the hybrid Becke3 (exchange) [@bib32] and the Lee-Yang-Parr (correlation) [@bib33] functional (B3LYP) in conjunction with a modest 6-31G(d) split-valence polarized basis set [@bib34]. The optimization result was shown in [Fig. 1](#fig1){ref-type="fig"} . The vibrational frequencies for the optimized structure were calculated by DFT-B3LYP/6-31G(d).Fig. 1Optimized geometry of Tinuvin P at the B3LYP/6-31G(d) level.

3. Results and discussion
=========================

[Table 1](#tbl1){ref-type="table"} lists the observed and the calculated Raman lines. Their full assignments to the Raman active vibration modes are indicated based on the calculated result and the literatures [@bib35], [@bib36], [@bib27], [@bib37]. Since the DFT hybrid B3LYP functional tends to overestimate the frequencies of fundamental modes in comparison to those of the experimentally observed ones, a scaling method is commonly used to obtain a better agreement with the experimental data [@bib38]. Accordingly, for the B3LYP/6-31G(d) method the scale factor of 0.9614 between the observed and calculated wavenumbers was used.Table 1The calculated vibrational frequency (cm^−1^), ordinary Raman and SERS frequency (cm^−1^) and their assignmentsCalculatedRamanSERSAssignment453464 (w)462 (w)ph~OH~ i.p. deformation541545 (w)544 (w)bz i.p. deformation616625 (w)623 (w)bz i.p. deformation669678 (w)676 (w)ph~OH~ i.p. deformation883895 (s)892 (s)ph~OH~ i.p. deformation958970 (s)967 (s)tz i.p. deformation984992 (s)989 (s)bz i.p. deformation994992 (^∗^)989 (^∗^)CH3 rocking10591068 (w)1063 (w)N--N sy stretch, ph~OH~ i.p. deformation11151131 (w)1131 (w)bt C--H i.p. bend11211131 (^∗^)1131 (^∗^)ph~OH~ C--H i.p. bend12231215 (vw)1209 (w)N--N as stretch + OH i.p. bend12451247 (w)1242 (w)N--N as stretch − OH i.p. bend12691267 (vw)1264 (vw)C--O stretch12871294 (m)1291 (s)ph~OH~ C--H i.p. bend13061300 (m)1291 (^∗^)tz ring stretch13261336 (w)1335 (m)tz ring stretch, ph~OH~ ring stretch13381345 (w)1335 (^∗^)ph~OH~ ring stretch, tz ring stretch13821378 (w)1383 (w)O--H i.p. bend, CH~3~ sy deformation14011416 (vs)1413 (vvs)tz ring stretch, ph~OH~--N stretch14351444 (vs)1438 (vs)bt ring stretch14561464 (w)CH~3~ as deformation14891494 (w)1489 (w)bt ring stretch15051512 (m)1506 (m)ph~OH~ ring stretch15531562 (m)1558 (m)bt ring stretch15821597 (m)1591 (s)OH i.p. bend, ph~OH~ ring stretch16221625 (w)1625 (w)ph~OH~ ring stretch[^1]

The prediction of Raman intensities was carried out following the procedure outlined below. The calculated Raman activities (*S*) were converted to relative Raman intensities (*I*) using the following relation [@bib39],$$I_{i} = \frac{f(\nu_{0} - \nu_{i})^{4}S_{i}}{\nu_{i}\lbrack 1 - \exp( - \mathit{hc}\nu_{i}/\mathit{kT})\rbrack}\text{,}$$where *ν* ~0~ and *ν* ~i~, respectively, are the frequencies (in cm^−1^) of the exciting wave and the *i*th normal mode, *h*, *c* and *k* the universal constants, *T* the temperature, and *f* is the appropriate scaling factor for all the peak intensities.

3.1. Ordinary Raman spectra
---------------------------

[Fig. 2](#fig2){ref-type="fig"} shows the ordinary Raman spectrum recorded for Tinuvin P in CH~2~Cl~2~ (10^−3 ^M). For comparison, the theoretical Raman spectrum is also shown in [Fig. 2](#fig2){ref-type="fig"}, which was constructed with a Gaussian-shape bandwidth of 3 cm^−1^ (FWHM, full width at half maximum). Our result of the ordinary Raman spectrum coincides with that of Kozich′s [@bib40], and shows more vibrational Raman lines.Fig. 2Ordinary (upper) and theoretical (lower) Raman spectra of Tinuvin P. The ordinary spectrum was measured for Tinuvin P in CH~2~Cl~2~ (1.0 × 10^−3 ^M) and solvent contributions are subtracted. The theoretical spectrum was constructed with a Gaussian-shape bandwidth of 3 cm^−1^ (full width at half maximum). The excitation laser power was 1.5 mW at 488 nm.

The discrepancy in the observed and the theoretical Raman spectra ([Fig. 2](#fig2){ref-type="fig"}) may be due to two reasons: (i) A consequence of the anharmonicity, and the general tendency of overestimation of the force constants at an exact equilibrium geometry in the quantum chemical calculations [@bib41], and (ii) the calculated Raman spectrum represents vibrational signatures for molecules in gas phase, whereas the experimental Raman spectrum is in solution.

3.2. SERS spectra
-----------------

[Fig. 3](#fig3){ref-type="fig"} shows the SERS spectrum (curve-a) and the ordinary Raman spectrum (curve-b) of Tinuvin P adsorbed on to Au-AAO and bare AAO template, respectively. Only six peaks at 892, 970, 987, 1299, 1411 and 1441 cm^−1^ can be recognized clearly in the ordinary spectrum without enhancement. The SERS spectrum with a greatly improved signal-to-noise ratio exhibits clear Raman lines. The absolute intensity of the SERS spectrum was enhanced by a factor of ∼40 with reference to the ordinary one on bare AAO template as estimated from the data in [Fig. 3](#fig3){ref-type="fig"}.Fig. 3(a) SERS spectrum of Tinuvin P adsorbed onto Au-AAO substrate. (b) Raman spectrum of Tinuvin P adsorbed onto the bare AAO template. The excitation laser power was 1.5 mW at 488 nm.

It is seen from [Fig. 4](#fig4){ref-type="fig"} that compared to the ordinary Raman spectrum in solution, most of the SERS bands become a little broader and frequency-shift. The Raman bands at 1264 and 1464 cm^−1^ shows very strong enhancement (the Cartesian displacements shows in [Fig. 5](#fig5){ref-type="fig"} ). The intense bands at 1413, 1438, 1506, 1558, 1591 cm^−1^ in the SERS spectrum are similar to the bands of the ordinary Raman spectrum, and the bands show strong enhancement and frequency-shift with respect to the ordinary Raman spectrum of Tinuvin P solution. The bands at 1291 and 1335 cm^−1^ are the overlapping of two ordinary Raman bands, respectively, with little frequency-shift and strong enhancement. As demonstrated in [Fig. 4](#fig4){ref-type="fig"}, the relative intensities of SERS bands at 892, 967 and 989 cm^−1^ are similar to those of the ordinary Raman spectrum, and no frequency-shifts upon adsorption were observed. These spectral differences were induced by the interaction between the substrate of template-embedded gold array and the Tinuvin P adsorbate, which may considerably alter the polarizability tensor of the Tinuvin P molecule [@bib42].Fig. 4Comparison between the SERS spectrum (solid) and the ordinary Raman spectrum in CH~2~Cl~2~ (1.0 × 10^−3 ^M) (dotted) of Tinuvin P. Solvent contributions are subtracted.Fig. 5The Cartesian displacements of some relevant vibrational modes with the Raman-shift in SERS spectrum.

According to the surface selection rules [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], for adsorbed molecules, the vibrations with the polarizability derivative components perpendicular to the surface will be enhanced more. Based on this consideration, the molecular orientation of the adsorbate on the surface of Au nanorods can be deduced.

It is seen from [Fig. 3](#fig3){ref-type="fig"} that both the ring-stretch and the in-plane-bending modes were strongly enhanced, the polarizability tensor of the modes may perpendicular to the Au surface. According to the optimized Tinuvin P geometry ([Fig. 1](#fig1){ref-type="fig"}) which together with the crystallographic data [@bib48], the benzotriazole and the phenol rings in Tinuvin P molecule are coplanar, thus the Tinuvin P molecule must be perpendicular to or tilted on the metal surface. There are no vibrational modes of out-of-plane ring bending appearing in the ordinary or SERS spectrum, therefore, it is concluded that the molecule is perpendicular to the Au surface.

The molecule may bind to the gold surface with a perpendicular geometry through the lone pair electrons of either the nitrogen (N1 and N3) or oxygen (O1) atom or through both of them. Apparently the N3 atom avoids any gold--nitrogen interaction owing to the steric hindrance caused by the O atom. A more favored adsorptive site can be enumerated theoretically by estimating the atomic charges on each of these probable active sites [@bib49]. Higher the negative charge density on the atom, higher the probability of it acting as an adsorptive site for the gold substrate. Theoretical results estimated from calculations show that the partial atomic charges on the nitrogen and oxygen atoms determined by the natural population analysis (NPA) are −0.255 (N1) and −0.692 (O1), respectively. The negative charge density is observed on O1 atom and N1 atom, thereby the active may involve these atoms in the adsorption process. The enhancement decreases rapidly as a function of distance from the Au surface. The bands at 1264 and 1464 cm^−1^ which are ascribed to the C--O stretch and CH~3~ asymmetric deformation, respectively, both exhibit very strong enhancement in SERS spectrum, this evidence substantiates involvement of O1 atom and N1 atom in the adsorption process.

On the basis of the above discussion, we propose that the Tinuvin P molecule binds the metal surface via two possible contacting sites, i.e., the O atom of the hydroxyl or the N1 atom of the benzotriazole moiety. In both cases the planar Tinuvin P molecule was perpendicular on the Au surface, which is schematically illustrated in [Fig. 6](#fig6){ref-type="fig"} a, b, respectively.Fig. 6Schematic illustration of the adsorption geometries of Tinuvin P molecules on the Au surface ((a) via O atom (b) via N1 atom).

4. Conclusions
==============

To summarize, the high quality SERS spectrum of 2-(2′-hydroxy-5′-methylphenyl)benzotriazole (Tinuvin P) adsorbed on the AAO-template-embedded array of Au nanorods is reported in the present work. A full assignment of the Raman spectrum was made based on the scaled-DFT analysis of the normal vibrational modes. On the basis of a comparative study between the ordinary Raman and the SERS spectra of Tinuvin P, we propose that the Tinuvin P molecule, which binds Au atom via the O atom of the hydroxyl or the N1 atom of the benzotriazole moiety, adopt two possible orientations on the Au surface with a perpendicular geometry.
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[^1]: *Note:* i.p., in-plane; o.p., out-of-plane; ph~OH~, phenol ring; bt, benzotriazole moiety; bz, benzo ring of bt; tz, triazole ring of bt; sy, symmetric; as, antisymmetric; (∗), band overlapped.
